enhanced selectivity compared to PIM-1 for gas pairs such as O 2 /N 2 , CO 2 /N 2 and CO 2 /CH 4 , followed by a slight decrease in permeability. The introduction of anthracene maleimide units (especially 4bIII) in the copolymer leads to more efficient chain packing and gives the copolymer a similar pore width distribution as PIM-1. As a consequence, the introduction of anthracene maleimide enhanced the CO 2 selectivity of copolymers, compared to previously reported film forming polymers. Therefore, these polymers might be useful for gas separations relying on CO 2 selectivity.
Introduction
During the past years, microporous organic materials gained increasing interest as they have a high potential in a variety of applications like gas separation or storage. These microporous polymer-based materials can be obtained by the extensive crosslinking of solvent swollen polymers (e.g., hypercrosslinked polystyrenes) 1 or by preparing polymer networks using rigid monomers. [2] [3] [4] In addition, certain highly rigid, non-crosslinked polymers, for example poly(trimethylsilylpropyne), 5, 6 certain polyimides, 7 and a number of uorinated polymers, 8 form solids with very large free volumes so that they behaving similarly to microporous materials. However, only a very limited number of microporous and soluble polymers are known so far.
The most extensively studied purely organic materials with network and non-network structure, introduced by Budd et al., are termed as polymers of intrinsic microporosity (PIM), possessing good solubility in organic solvents, high thermal stability and high surface area. The intrinsic microporosity is caused by a rigid and contorted molecular structure which cannot ll space efficiently, leaving molecular sizedinterconnected voids. 9, 10 This rigidity and contortion arises from the incorporation of non-linear 'sites of contortion' such as spirocyclic or triptycene units. 11, 12 Even compared with traditional widely used industrially microporous materials, such as zeolites or activated carbons. PIMs present a unique advantage, due to the combination of processability with a high degree of microporosity, which are attractive for applications such as adsorbents, gas separation and catalysis. Generally, PIMs can be easily prepared by polycondensation reaction (double aromatic nucleophilic substitution) using a combination of a tetrafunctional hydroxylated aromatic monomer and an activated tetrauorinated or chlorinated aromatic monomer to form rigid dibenzodioxane linking groups resulting in ladder architecture. The rst and most popular polymer of this type is referred to as PIM-1, derived by step-growth polymerization of 5, 5 0 ,6,6 0 -tetrahydroxy-3,3,3 0 ,3 0 -tetra-methylspirobisindane (TTSBI) and 2,3,5,6,-tetrauoroterephthalonitrile (TFTPN) (Scheme 1). Despite the tremendous progress in the eld of PIMs synthesis, there is still a need for the development of these materials that can exhibit higher (and more stable) free volume and which can be tailored for other applications such as gas separation, gas storage and liquid ltration. 13 This can be established via designing new monomers that will be utilized for polymer synthesis.
One of the structural components used previously for making PIM is 9,10-dimethyl-9,10-ethano-9,10-dihydro-2,3,6,7-tetrahydroxy-anthracene (CO1).
14, 15 The resulting network polymer from the reaction between CO1 and TFTPN demonstrated an apparent BET surface area of 750 m 2 g À1 with the microporosity presumably arising from the roof shaped of the CO1 units.
14 Due to the potential for providing pre-formed concave binding sites of a xed size and shape for specic adsorption, we are interested in synthesizing new examples of PIM with similar roof shaped components. Hence our attention was drawn to the anthracene maleimide unit, which has been exploited widely as a component of functional molecular systems including shape memory properties, 16 chemical and biological activities, [17] [18] [19] click reactions 20, 21 and chiral auxiliaries. 22 To our knowledge, there is no literature available so far on anthracene maleimide based polymers. In the context of PIM, it was anticipated that the roof shaped structure of the anthracene maleimide unit should ensure greater polymer rigidity as compared to CO1 and different substituents on the maleic anhydride ring could frustrate further the polymer chain packing which might enhance the intrinsic microporosity. In the present work, we describe synthesis, characterization and gas transport properties of new polymers of intrinsic microporosity (PIM) derived from dialkyl anthracene maleimide monomers, polycondensated with 2,3,5,6,-tetrauoroterephthalo-nitrile (TFTPN) as well as their copolymers in combination with tetrahydroxy monomer of PIM-1.
Experimental

Materials and methods
Most commercially available reagents were obtained from Sigma-Aldrich (Germany) and were used without further treatment. The exceptions: 5,5 0 ,6,6 0 -tetrahydroxy-3,3,3 0 ,3 0 -tetramethyl-1,1 0 -spirobisindane (TTSBI, 97%) was obtained from ABCR (Germany), and 2,3,5,6,-tetrauoro-terephthalonitrile (TFTPN, 99%) was kindly donated by Lanxess (Germany). TFTPN was sublimated twice in vacuum prior to use. Potassium carbonate (K 2 CO 3 , > 99.5%) was dried overnight under vacuum at 120 C and milled in a ball mill for 15 min. (Co)monomers 4a/ b-I to V were prepared in our laboratory following the procedures described below. All reactions using air/moisture sensitive reagents were performed under argon atmosphere. NMR spectra were recorded on a Bruker AV300 NMR spectrometer operating at a eld of 7 Tesla (300 MHz) using a 5 mm 1 H/ 13 C TXI probe and a sample temperature of 298 K. 1 H spectra were recorded applying a 10 ms 90 pulse. 13 C spectra were recorded using dept-45 and dept-q135 sequences employing a waltz-16 decoupling scheme. The relaxation delay was chosen so that the sample was fully relaxed. FT-Infrared spectra were recorded on attenuated total reectance (ATR-diamond crystal) mode with a Bruker ALPHA FT-IR spectrometer. The transmission measurements were done in a spectral range of 400-4000 cm
À1
with a resolution of 4 cm À1 and average of 64 scans. Thermogravimetric analysis (TGA) onset temperature measurements were obtained using a Netzsch TG209 F1 Iris instrument under argon ow (20 ml min À1 ) from 25 C to 900 C at 10 K min À1 .
The retro Diels-Alder reaction temperature was investigated using thermogravimetric analysis coupled with FT-IR. Molar mass distributions were determined by Size Exclusion Chromatography (SEC) with chloroform as solvent using polystyrene calibrated standards. Low temperature (77 K) nitrogen (N 2 ) adsorption/desorption study of the polymer powder was undertaken using Rubotherm IsoSORP® instrument (Rubotherm GmbH, Bochum, Germany). Apparent surface area of the polymer was calculated from N 2 adsorption data by multipoint BET analysis.
Monomers synthesis
2.2.1. Synthesis of 2,3,6,7-tetramethoxy-9,10-dimethylanthracene (1a). A mixture of 1,2-dimethoxybenzene and acetaldehyde (molar ratio 1 : 1.7) was added dropwise at 0-5 C to a 3-fold volume H 2 SO 4 (70%) and stirred for 20 min. The highly viscous lilac mixture was kept at room temperature for three days. The almost black mass was shovelled into ethanol-water (1 : 1), the resulting precipitate collected by ltration and dried in air. Two additional cleaning steps in chloroform and acetone give a light grey powder (50-60% 2.2.6. 2,3,6,7-Tetramethoxy-9,10-dibutyl-13-phenyl-9,10-dihydro-9,10- [3, 4] epipyrroloanthracene-12,14-dione (3b-I). 3b-I was prepared identically to 3a-I, using 2b instead of 2a to give a yellow solid, recrystallized from EtAc to give the product as white crystals (80%), Mp: 271-275 C. ,7-Tetramethoxy-9,10-dimethyl-13-(4-(t-butyl) phenyl)-9,10-dihydro-9,10-[3,4]epipyrroloanthracene-12,14-dione (3a-IV). 3a-IV was prepared using 4-t-butylaniline instead of aniline to give a white solid (71%). Mp: 270 C. 2.2.13. 2,3,6,7-Tetramethoxy-9,10-dimethyl-13-(4-ethoxyphenyl)-9,10-dihydro-9,10-[3,4]epipyrroloanthracene-12,14-dione (3a-V). 3a-V was prepared by using 4-ethoxyaniline to give a light brown solid (yield 76% 2.2.14. 2,3,6,7-Tetramethoxy-9,10-dibutyl-13-(4-ethoxyphenyl)-9,10-dihydro-9,10-[3,4]epipyrroloanthracene-12,14-dione (3b-V). 3b-V was prepared by reaction of 2b with 4-ethoxyaniline to give a yellow solid and recrystallized from EtAc to give desired product as white crystals (yield 64%), Mp: 285-288 C. General procedure for demethylation. 3a-I (3.34 g, 6.68 mmol) was dissolved in 20 ml dichloromethane (DCM) and added slowly with cooling in an ice-bath to boron tribromide (1.26 ml, 13.37 mmol), dissolved in 40 ml DCM under argon atmosphere. The reaction mixture was stirred at room temperature for 18 h and then poured to water (1 litre). The acidic pH (¼5) was neutralized with 1% NaOH till pH ¼ 7-8. The precipitate was ltered and washed with copious amount of water, dried in vacuum at 60 C to give a grey solid (2.68 g, 90.7%), Mp: >300 C. 1 2.3.2. Synthesis of homopolymer and copolymer. The series of homopolymers and copolymers were synthesized by polycondensation of monomers 4 with TFTPN and monomers 4/TTSBI (different mol ratio) with TFTPN, respectively, using a procedure similar to that of PIM-1. The homopolymers are referred to as PIM-CO4a/b (I to V)-100 (e.g. PIM-CO4a-I-100) and the copolymers are identied as PIM-CO4a/b (I to V)-75, 50, 30 (e.g. PIM-CO4aI-75, PIM-CO4aI-50 and PIM-CO4aI-30), where PIM stands for polymer of intrinsic microporosity, CO4a/b (I to V) is the comonomer number and suffixes -100, -75, -50, -30 refer to the comonomer/TTSBI ratio in the copolymers.
Polymerization procedure. TTSBI, TFTPN and (or) comonomer were dissolved in DMAc to form a homogeneous solution in a three necked ask equipped with magnetic stirrer and argon inlet. Addition of K 2 CO 3 (in excess of 1 : 1.2 based on OHcomponent(s)) caused a solution colour change from yellow to orange. The reaction mixture was immersed in an oil bath preheated at 150 C and within minutes the reaction mixture became increasingly viscous, then diethyl benzene (DEB) was added dropwise to maintain stirring and stirring was continued for 30 min. The hot reaction mixture was poured into methanol and the precipitated yellow solid was collected by ltration. The crude polymer was reuxed for 1 h in deionized water, ltrated and dried under vacuum at 120 C for 48 h. The polymer was dissolved in chloroform and reprecipitated in methanol. In case the polymer product was insoluble in chloroform and dichlorobenzene, it was puried by washing with acetone.
Membrane preparation
Thick polymer lms were prepared by solution casting method from polymer solution (concentration 1-2%, w/w) into accurately levelled Teon circular dish. For low boiling solvent such as chloroform, the dish was covered by a lid and the system was gently purged using a stream of N 2 . Aer solvent evaporation, the prepared lms were delaminated and conditioned by soaking in methanol for approximately 4 h. The methanol treated membranes were dried in high vacuum for 16 h at 120 C. The thickness of the membranes was measured by a digital micrometer (Deltascopes MP2C) to 50-75 mm. Moreover, thin lm composite (TFC) membranes for long term study were prepared on polyacrylonitrile (PAN) microporous support (average pore size of 25 nm and with 15% surface porosity) from polymer solution (conc. 0.5 or 1% w/w) in chloroform by an in house manufactured casting machine.
Gas permeation measurement
Permeabilities of four pure gases (H 2 , N 2 , CO 2 , and CH 4 ) were measured by a pressure increase time-lag apparatus at 30 C.
Permeability (P), diffusivity (D), solubility (S) and selectivity (a)
for gases A and B were determined under steady state conditions by the following Equation:
V p is the constant permeate volume, R is the gas constant, l is the lm thickness, A is the effective area of membrane, Dt is the time for permeate pressure increase from p p 1 to p p 2, p f is the feed pressure, and q is the time-lag. The solution-diffusion transport model [26] [27] [28] [29] was applied for discussing the gas transport properties of dense polymer membranes, and the selectivities of membranes for gas "A" relative to another gas "B" is the ratio of their permeabilities obtained from eqn (3).
Results and discussions
Monomer synthesis
The comonomers [4a(I-V), 4b(I-V)] were synthesized using a multistep synthetic route as shown in Scheme 2. The key intermediates for the synthesis of 4a-(I-V), 4b(I-V) are 1(a-b) and were prepared by slight modication to a published procedure, 30, 31 from the condensation reaction between the appropriate aldehyde (R) and 1,2-dimethoxybenzene in conc. H 2 SO 4 . The advantage of starting with methoxy groups is the enhanced solubility compared to hydroxyl groups and the high stability towards oxidation. The anthracene maleic anhydride derivatives 2(a-b) were prepared in high yield by Diels-Alder reaction between 1(a-b) and maleic anhydride in toluene using the procedure described by Milton C. Kloetzel.
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The imides at the maleic anhydride substituent [3a(I-V), 3b(I-V)] were prepared by reacting 2(a-b) with different aniline substituents (X) in the presence of glacial acetic acid and acetic anhydride for water removal to give the precursors [3a(I-V), 3b(I-V)]. The original synthesis of the maleimides was described by Leslie R.D. et al. 33 Here it is slightly modied so as to allow for the simple introduction of substituted anilines and to provide symmetrical structure. Finally, the tetramethoxy precursors [3a(I-V), 3b(I-V)] were readily demethylated by BBr 3 in CH 2 Cl 2 to give the target tetrahydroxy monomers [4a-(I-V), 4b(I-V)]. The structures of the monomers were conrmed by FTIR, 1 H NMR, 13 C NMR, and elemental analysis. 1 H NMR spectra of tetrahydroxy monomers 4a-I and 4b-I are shown in Fig. 1 .
1 H NMR signals corresponding to characteristic aromatic protons of monomer 4a-I are observed at 6.5, 6.6, 6.7 and 7.3 ppm, whereas aliphatic and maleic anhydride protons of 4a-I are observed at 2 and 2.9 ppm, respectively, as shown in Fig. 1i (4a-I) . Monomer 4b-I shows the 1 H NMR signals for aromatic protons at the same position as 4a-I due to identical framework. The aliphatic protons of the butyl groups in 4b-I range from 1.6 to 2.6 ppm, the characteristic protons originating from the former maleic anhydride shied down eld to 3.3 ppm because of the electron rich butyl groups, as depicted in Fig. 1ii (4b-I) .
The other monomer pairs of 4a-b and the substituted anilines compare similarly in their analytical data. The monomer structures (4a-I and 4b-I) were also conrmed by FT-IR (ESI Fig. S1 †) . In general, the monomers on the basis of 4a are of low solubility, dissolving only in DMSO, DMF or DMAc, but not in low boiling solvents like chloroform, THF or acetone. The butyl groups, however, improve the solubility of monomers on 4b basis, allowing dissolution in chloroform or THF.
Generally, PIMs are obtained via polycondensation reaction at different temperatures; the original procedure of Budd/ McKeown 12 runs at 60 C/3-4 days. Guiver et al. 34 reduced the reaction time to few minutes by heating the reaction mixture to 155 C and maintained stirrability by addition of toluene. We adopted the latter procedure to prepare PIM-1 and other PIMs but use diethyl benzene instead of toluene to keep the temperature inside the reaction mixture at 150 C. The high temperature could cause the problem of a retro Diels-Alder reaction in the new series of monomers and therefore TGA measurements were conducted on 4a-I and 4b-I monomers to a thermal ramp up to 700 C under argon atmosphere at a rate of 5 K min À1 . By coupling with FT-IR the evolved gases were analysed. 4a-I proved to be stable at least till 280 C and decomposition started at 295 C. The 1 st extract was measured at 334 C, but a retro Diels-Alder with evaporation of phenylmaleimide was observed only at the 2 nd extract at 358 C. Fig. 2a shows the TGA mass loss analysis for 4a-I. Inset Fig. 2a shows the intensity of FTIR signals, which is connected to maximum gradient of weight loss in the TGA trace. Two extractions were carried out at two different temperatures (334 C & 358 C). Analysis of rst extraction of gaseous decomposition product by FTIR spectra (Fig. 2 at 334 C) shows a band at 2215 cm À1 -2350 cm À1 and 3015 cm À1 (accompanied with low concentration of phenylmaleimide band also) which tted to CO, CO 2 and CH 4 reference gas spectra from National Institute of Standard and Technology (NIST) Chemistry WebBook 35 (see ESI for gas spectra of methane in Fig. S2 †) . The second extraction of gaseous decomposition at 358 C shows a band at 575 cm À1 , 1185 cm À1 , 1360 cm À1 and 1785 cm À1 , which tted to reference gas spectra of phenylmaleimide 35 (shaded region in inset Fig. 2a) . Similarly, the TGA-FTIR measurement of 4b-I is depicted in Fig. 2b , 1361 cm À1 , 1786 cm À1 (for phenylmaleimideshaded region inset Fig. 2(a and b) ), 2215-2410 cm À1 (for CO 2 ) and 3015 cm À1 (for C 4 H 10 ), which tted with the reference gas spectra of respective molecules (see ESI for gas spectra of butane Fig. S2 †) . 35 In difference to 4a-I the retro Diels-Alder occurred already at lower temperature, in the 1 st extract, however, stability till 250 C was established. Therefore, the polymerisation at high temperature remains unaffected. The three dimensional (3D) view of TGA-FTIR of 4a-I and 4b-I are shown in ESI Fig. S3 and S4. †
Polymerization
The series of homopolymers and copolymers from the various monomers were synthesized via polycondensation reaction by reacting tetrahydroxy monomers with equimolar amounts of TFTPN, catalyzed by an excess of K 2 CO 3 , using a modied procedure similar to the synthesis of PIM-1 (Scheme 3).
15,23-25,36
According to the mechanism of polycondensation reaction of poly(arylene ether)s, high temperature and high monomer concentration are favourable for increasing solubility of phenoxide salt and growing the polymer chain, hence, the occurrence of cyclic oligomers and crosslinked structure can be effectively reduced. In the present work, a slightly modied polymerization procedure 15 was used compared to previously reported polymerization reaction.
34 DEB was used in polymerization reaction instead of toluene (as described in procedure), which is advantageous not only to provide solubility enhancement of polymer but also provides a high boiling point solvent to the reaction. 15, 25 To keep the reaction mixture less viscous, additional amounts of DEB were added. The presence of DEB required precipitation of the polymers in methanol. The basic features of reaction and polymer characterization such as composition, molecular weight, thermal properties and copolymer composition estimated by 1 H-NMR are listed in Table 1 . The average molar masses and polydispersities of homopolymers and copolymers were determined by SEC using polystyrene standards. For copolymers with methyl and butyl groups on the bridge head position [4a and 4b (I to V)] reasonable molecular weights with rather high polydispersity indices were obtained, which is consistent with the results of a typical polycondensation reaction. Table 1 also shows the copolymers composition, estimated from 1 H-NMR spectra by integration of the peaks in the aromatic region (at $6.4 ppm) for TTSBI monomer (PIM-1 monomer) and aliphatic region for comonomer 4a and 4b (at $3.5 ppm). In each case the calculated composition reected closely to the comonomer composition of the reaction (as an example shown in Fig. 3) . Furthermore, the comparison of FT-IR spectra of copolymers shows a distinguishable increase of the C]O stretching vibration between 1660-1730 cm À1 with increasing content of comonomer 4a-I and 4b-I (ESI Fig. S5 and S6 †). Differential scanning calorimetry (DSC) of all polymers showed no evidence of glass transition below the degradation temperature. Moreover, the homopolymers [PIM-CO4b(I-V)-100] derived from the new imido-monomers and TFTPN were synthesized under the same reaction conditions as PIM-1 (i.e. 150 C and 30 min) 34 and gave sufficiently high molecular weights. As the homopolymers obtained from monomers 4a (I-V) are insoluble in most organic solvents, the molecular weight determination by SEC was not possible. However, the homopolymers obtained from monomers 4b (I-V) exhibited good solubility in many organic solvents, e.g. chloroform and THF, due to the butyl groups on bridge head position, allowing both mechanically strong and exible lms to be cast. As an example, the images of homopolymer lms derived from 4b (I-V) are shown in ESI Fig. S7 . † Furthermore, thermo-gravimetric analysis (TGA) of homopolymers and copolymers derived from 4a (I-V) series showed that the onset of decomposition temperature is quite similar, while TGA of 4b (I-V) polymers and copolymers series showed two different onset decomposition temperatures (see Table 1 Physical properties of PIM-1, homopolymers and copolymers derived from the monomer 4a (I to V) and 4b (I to V) ESI Fig. S8 †) . In case of 4b (I-V), the initial decomposition corresponds to decomposition of alkyl group along with maleimide derivatives and the second decomposition caused by breaking the backbone chain of the polymer.
We observed that the surface area of homopolymer (i.e. without any spiro unit) derived from the monomer [4a and 4b (I-V)] were in the range of 520-660 m 2 g À1 . The reason could be a greater cohesive interaction between the polymer chains due to the polar imido group, or occlusion of maleimide derivatives in the microporosity. The copolymers derived from the monomer (4b-III) were selected for further study. Table 2 gives BET surface area from nitrogen adsorption for copolymers with different ratio of monomer (4b-III) and also for the PIM-1 prepared under identical conditions in this study. Fig. 4a compares the nitrogen adsorption/desorption isotherm at liquid nitrogen temperature (77 K) for PIM-4bIII-50 and PIM-1. Both polymers show high uptake at low relative pressure, a characteristic of microporous materials as dened by IUPAC (pore size < 2 nm).
10 Both materials also demonstrated hysteresis, the desorption curve lying above the adsorption curve down to relative low pressures, a typical behaviour of microporous polymers that may be attributed to polymer swelling effects (p/p 0 < 0.2).
14 Analysis of the very low relative pressure regions of the adsorption isotherm by the HorvathKawazoe (HK) method gives the pore width distribution shown in Fig. 4b . Both polymers show a broad distribution of effective pore size in the micropore region (0.6-0.65 nm).
From the literature, 14 it was assumed that the roof-shaped structure once embedded within the polymer network possesses greater rigidity, which helps to enhance the microporosity. Comparing the triptycenecontaining A-B monomer precursor, it seems that the additional substituents on the maleimide unit make the polymer even more rigid but also ll some of the space created by the rigid polymer frameworks. 
Gas separation performance
Free standing membranes of polymers for gas separation could be prepared by solution-casting and they were tough enough to allow measurement of gas permeability. Pure gas permeability coefficients (P i ) for H 2 , N 2 , O 2 , CO 2 , and CH 4 were measured at 30 C by time-lag instrument on dense polymer lms of homopolymers [PIM-CO4b-100] and series of copolymers derived from monomers 4b(I-V). Gas permeation measurement was not possible for the homopolymer and copolymers obtained from the monomer 4a(I-V) because of their low molar masses leading to poor lm forming properties. Permeabilities and ideal permselectivities (a ij ¼ P i /P j ) are shown in ESI Tables S1 and S2, † respectively. All data were obtained from methanol treated membranes as mentioned in the experimental part.
Immersing the membranes in methanol reverses the prior lm formation history, in a manner similar to protocols previously developed for microporous polyacetylenes and PIM-1. 38, 39 For comparison, PIM-1 data of this present work and from literature are also included.
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It is seen that the structure of anthracene maleimide derivatives exerts a strong effect on the observed permeability and permselectivity. Most homopolymers and the series of copolymers exhibit slightly higher selectivity, coupled with a reduction in gas permeability, compared to PIM-1. An exception is the series of copolymers of 4b-III, as they show comparable or slightly higher permeabilities than PIM-1 (shaded circle in Fig. 5 ).
For all other series of copolymer-PIMs (CO-PIMs), gas permeabilities were observed to increase with increasing ratios of TTSBI and therefore increasing similarity to PIM-1. PIMCO4bIII-100 has higher CH 4 and N 2 permeability as PIM-1 and also the other copolymers with 4b-III behave similar to PIM-1. A reason for this should be the substitution of the aniline in oposition preventing rotation of the imido-group and consequently a close packing of the polymer chains. Also, the highly rigid three dimensional structures of anthracene maleimides 4a-III and 4b-III can be concluded on the 1 H-NMR spectra showing three single peaks for the aromatic methyl groups at aniline. Another reason for comparable permeabilities could be the similar pore size distribution and higher surface area of copolymer 4b-III, shown in Table 2 . For the other CO-PIMs, the p-substituted aniline is free in rotation and could be tted in free volumes within the chain more easily leading to a reduction of permeability but increasing the selectivity. The overall gas separation performances of newly synthesized polymers with comparison to Robeson's upper bound (1991 and 2008) for O 2 /N 2 , CO 2 /CH 4 and CO 2 /N 2 gas pairs are shown in Fig. 6 . The performance of CO-PIMs for the gas pairs O 2 /N 2 falls below the 2008 Robeson's upper bound. But for CO 2 /CH 4 and CO 2 /N 2 gas pairs, most of CO-PIMs show values near to upper bound 2008. However, for these gas pairs the selectivity is mainly due to the higher solubility dependent rather than diffusivity of CO 2 . Moreover, the polymers derived from newly synthesized monomers exhibit the competing behaviour to the promising spirobiuorene based PIM (SBF-PIM), 41 From an application point of view, temperature effects were studied on one of these copolymer membranes at higher temperature. Fig. 7 shows the permeability of N 2 , CH 4 and CO 2 for PIM-1 and PIM-CO4bIII copolymer membranes as a function of the inverse absolute temperature (temperature range 283-343 K, single gas at 1 bar feed pressure). Fig. 7 depicts that the permeability of the N 2 and CH 4 increased with increasing in temperature while for CO 2 the permeability decreased with increasing temperature.
In order to understand the temperature dependence of N 2 , CH 4 , and CO 2 permeabilities of these membranes, resulting data were correlated with the Arrhenius equation. Thus, the activation energy of permeation (E p ) was determined by the Arrhenius relationship:
P is permeability, P 0 is a pre-exponential factor, E p is the activation energy of permeation (J mol À1 ), R is the gas constant (8.314 J (mol À1 K À1 )) and T is the absolute temperature.
The activation energies of permeation (E p ) determined from the slope of the Arrhenius plot are shown in Table 3 . It provides a qualitative measure of free volume and the size of molecular gaps between chain segments. 44 In general, the activation energy of permeation is the sum of the activation energy of diffusion (E d ) and the enthalpy of sorption (DH s ),
The activation energy of diffusion is a size-related parameter, its value depends on the size of the penetrant, the intra-and inter-molecular gaps between polymer chains, and the chain mobility. For activated diffusion processes, E d is positive, meaning that diffusion coefficients increase with increasing temperature. The heat of sorption is related to the thermodynamic interaction of the penetrant with the polymer. Sorption of gases in polymers is typically an exothermic process. Thus, solubility of gases in polymers decreases with increasing temperature, and H s is negative.
From Fig. 7 , it was observed that gas permeability of N 2 and CH 4 for these membranes increases with increasing temperature, because E d + H s > 0 or |E d |/|H s | > 1, a typical behaviour of conventional glassy polymers. An exception to this rule is the temperature dependence of gas permeability in high-freevolume PIM-1 and its copolymer for condensable gases such as CO 2 , because gas permeabilities decrease with increased temperature (i.e. |E d |/|H s | < 1). This indicates that the effect of highly sorbed gases like CO 2 does not affect the permeation rate of lighter gases in subsequent runs. The negative activation energies of permeation in high free volume glassy polymer result from very small activation energies of diffusion. 45 Furthermore, negative activation energies of permeation are routinely observed for microporous solids in which the pore dimensions are relatively large in comparison with the diffusing gas molecules. 44 On the other hand CH 4 and N 2 permeabilities of PIM-1 depend strongly on temperature and their E p values are essentially of the same order of magnitude as those of conventional glassy polymers.
The long term stability tests for gases such as O 2 , N 2 and CO 2 were also carried out for two copolymers compositions derived from the monomer 4b-III (i.e. PIM-4b-III-50, PIM-4b-III-100). The copolymer was cast to thin lm composite membranes on a PAN support and during the 800 h of the test these membranes were continuously ushed with N 2 at 2 bar pressure. N 2 , O 2 and CO 2 permeances were measured at random over a period of 800 h. It was observed that the prepared copolymer composite membrane does not show any signicant improvement in terms of permeance and selectivity O 2 /N 2 and CO 2 /N 2 gas pairs and behaves almost similar to PIM-1.
Conclusion
Ten new tetrahydroxy anthracene based monomers with imidoaniline substitution (4a,b I to V) were synthesized, characterized and employed in polycondensation reactions with TFTPN to form homopolymers and copolymers in combination with TTSBI. All synthetic procedures are easy, efficient and suitable for scale-up. The achieved PIMs were characterized by NMR, FT-IR, TGA, SEC and partly by BET surface area. The polymers obtained from monomers (4a) show low solubility in suited solvents such as CHCl 3 and THF compared to polymers obtained from the monomer (4b). Changing the alkyl group (R) at the bridged anthracene from methyl to n-butyl group enhanced signicantly the solubility. Therefore, polymers from monomer (4b) series could be cast into membranes and measured in single gas permeation of N 2 , O 2 , CO 2 and CH 4 . Permeability of the new polymers is mostly lower or comparable to PIM-1, while selectivities are slightly higher or comparable to PIM-1. These results offer a variety of possible new monomers and polymer structures with potential in microporous materials for application in membrane technology and other areas where so matters with large intrinsic free volume combined with chemical functionality are required. 
